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Toll-like receptors play a key role in sensing microbial components and inducing innate
immune responses. Ligand-induced dimerization of TLR4 is required for the activation of
downstream signaling pathways. Thus, the receptor dimerization may be one of the first
lines of regulation in activating TLR-mediated signaling pathways and induction of sub-
sequent immune responses. LPS induces the activation of NF-«B and IRF3 through MyD88-
or TRIF-dependent pathways. Curcumin, a polyphenol found in the plant Curcuma longa, has
been shown to suppress the activation of NF-kB induced by various pro-inflammatory
stimuli by inhibiting IKKB kinase activity in MyD88-dependent pathway. Curcumin also
inhibited LPS-induced IRF3 activation. These results imply that curcumin inhibits both
MyD88- and TRIF-dependent pathways in LPS-induced TLR4 signaling. However, in TRIF-
dependent pathway, curcumin did not inhibit IRF3 activation induced by overexpression of
TRIF in 293T cells. These results suggest that TLR4 receptor complex is the molecular target
of curcumin in addition to IKKp. Here, we report biochemical evidence that phytochemicals
(curcumin and sesquiterpene lactone) inhibit both ligand-induced and ligand-independent
dimerization of TLR4. Furthermore, these results demonstrate that small molecules with
non-microbial origin can directly inhibit TLRs-mediated signaling pathways at the receptor
level. These results imply that the activation of TLRs and subsequent immune/inflamma-
tory responses induced by endogenous molecules or chronic infection can be modulated by
certain dietary phytochemicals we consume daily.
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1. Introduction

Toll-like receptors (TLRs) recognize conserved microbial
structural molecules and induce innate immune responses
that are essential for host defense against invading microbial
pathogens [1-4]. It was demonstrated that ligand-induced
homotypic oligomerization is proceeded for LPS-induced
activation of TLR4 signaling pathways [5]. TLR2 is known to
heterodimerize with TLR1 or TLR6 recognizing diacyl- or
triacyl-lipopeptide, respectively [6-8]. These results suggest
that ligand-induced receptor dimerization for TLR4 and TLR2
is required for the activation of downstream signaling path-
ways. In addition, ligand-independent dimerization of TLR4
leads to the activation of the downstream signaling pathways
[9-11]. Therefore, the receptor dimerization may be one of the
first lines of regulation in activating TLR-mediated signaling
pathways and induction of subsequent innate and adaptive
immune responses.

Broadly, TLRs can activate two branches of downstream
signaling pathways: MyD88-dependent and MyD88-indepen-
dent pathways [1]. MyD88 is a common downstream adaptor
molecule for all mammalian TLRs [1]. MyD88 is an immediate
downstream adaptor molecule recruited by activated TLRs
through their TIR domain. MyD88 in turn recruits IRAK-4 and
induces IRAK-4-induced phosphorylation and degradation of
IRAK-1.IRAK-1 associates with TRAF6 leading to the activation
of MAP kinases and IKK complex resulting in the activation of
AP-1 and NF-«B transcription factor, respectively. The activa-
tion of MyD88-dependent signaling pathway leads to the
induction of inflammatory gene products including cytokines
and cyclooxygenase-2 (COX-2) [10].

TLR3 and TLR4 activate MyD88-independent signaling
pathway mediated through TIR domain-containing adaptor
inducing IFNB (TRIF) leading to the expression of type I
interferon and IFN-inducible genes. The activation of TRIF
pathway also leads to the delayed activation of NF-«B. TRIF
interacts with TBK1 and RIP1 [12-14]. The C-terminal portion
of TRIF was shown to be associated with RIP1, and embryonic
fibroblast from RIP1-deficient mice showed impaired NF-«xB
activation and the expression of ICAM-1 in response to TLR3
agonist [12]. Thus, TRIF is likely to use TBK1 and RIP1 for IRF3-
and NF-«B activation, respectively [15]. Since TLR4 ligand-
induced inflammatory cytokine production was impaired in
TRIF-deficient mice [1], signals from both TRIF and MyD88
pathways may be required for the maximum expression of
cytokines.

Numerous studies demonstrated that certain phytochem-
icals including polyphenols and sesquiterpene lactones
possessing anti-inflammatory effects inhibit NF-«B activation
induced by various receptor agonists including TNFa and LPS
[16]. However, the direct molecular targets for such anti-
inflammatory phytochemicals are largely unknown. It was
demonstrated that some polyphenols inhibit NF-«B activation
and target gene expression induced by different receptor
agonists mediated through the inhibition of IKK@ activity or
DNA binding of p65 [17,18]. One of these compounds is
curcumin which is a naturally occurring yellow pigment found
in the plant Curcuma longa. Curcumin was shown to inhibit NF-
kB activation induced by LPS, PMA, TNF-a and hydrogen
peroxide mediated through the inhibition of IKKB that

phosphorylates IkBa leading to ubiquitinylation and degrada-
tion [17,19]. Curcumin inhibited induction of nitric oxide
synthase induced by LPS/IFN-y in RAW264.7 cells [20].
Curcumin also suppressed LPS-induced COX-2 gene expres-
sion by inhibiting NF-kB and AP-1 DNA bindings in BV2
microglial cells [21].

Forced dimerization of TLR4 by replacing the entire extra-
cellular domain with CD4 [9], integrin [11], or deletion of leucine-
rich repeat (LRR) domain [10] confers ligand-independent
activation of the receptor. These results suggest that the
receptor dimerization is required to activate downstream
signaling pathways. Indeed, the dimerization of TLR4 was
shown to be a prerequisite for the ligand-induced receptor
activation [22]. LPS activates both MyD88- and TRIF-dependent
pathways. It was demonstrated that curcumin inhibits LPS-
induced NF-«B activation by inhibiting IKKB that lies down-
stream of the MyD88-dependent pathway of TLR4. However, itis
not known whether curcumin inhibits TRIF-dependent path-
way or not. Here, we report biochemical evidence that curcumin
inhibits the dimerization of TLR4. Therefore, curcumin inhibits
LPS-induced activation of both MyD88- and TRIF-dependent
pathways of TLR4 resulting in the inhibition of both NF-kB and
IRF3. The results from these studies open important possibility
that TLR-mediated inflammatory responses and consequent
risk for chronic inflammatory diseases can also be modulated
by dietary phytochemicals.

2. Materials and methods
2.1. Reagents

Curcumin and helenalin were purchased from Biomol (Ply-
mouth Meeting, PA). Resveratrol (3,4',5-trihydroxy-trans-stil-
bene) was purchased from Sigma-Aldrich (St. Louis, MO).
Purified LPS was obtained from List Biological Lab. Inc. GFP and
IRAK-1 antibodies were purchased from Molecular Probes Inc.
(Eugene, OR) and Santa Cruz Biotechnology Inc. (Santa Cruz,
CA), respectively. All other reagents were purchased from
Sigma unless otherwise described.

2.2. Cell culture

Ba/F3 cells, an IL-3-dependent murine pro-B cell line, expres-
sing TLR4 (Flag or GFP-tagged), CD14, MD2 (Flag-tagged), and
NF-«B luciferase reporter gene were described previously [5].
Cells were cultured in RPMI1640 medium containing recom-
binant murine IL-3 (70 U/ml), 10% (v/v) heat-inactivated fetal
bovine serum (FBS, Invitrogen), 100 units/ml Penicillin, and
100 pg/ml Streptomycin (GIBCO-BRL). RAW264.7 cells (a
murine monocytic cell line, ATCC TIB-71) and 293T cells
(human embryonic kidney) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% (v/v) FBS,
100 units/ml Penicillin, and 100 pg/ml Streptomycin. Cells
were maintained at 37 °C in a 5% CO,/air environment.

2.3.  Transfection and reporter gene luciferase assay

NF-«B(2x)- and COX-2 luciferase reporter gene assay were
performed as described previously [23,24]. Cells were co-
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transfected with a luciferase plasmid and HSP70-B-galactosi-
dase plasmid as an internal control using SuperFect transfec-
tion reagent (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Various expression plasmids or
equal amounts of empty vector for signaling components were
co-transfected. Luciferase enzyme activities were determined
using the Luciferase Assay System (Promega, Madison, WI)
according to the manufacturer’s instructions. Luciferase
activity was normalized by pB-galactosidase activity.

2.4.  Immunoblotting

These were performed the same as previously described [23].
Equal amounts of cell extracts were subjected to 10% SDS
polyacrylamide gel electrophoresis and electrotransferred to
polyvinylidene difluoride membrane for COX-2, IRAK-1,
PJINK1, B-actin, JNK and GAPDH immunoblot analysis. The
membrane was blocked to prevent nonspecific binding of
antibodies in phosphate-buffered saline containing 0.1%
Tween 20 and 5% nonfat dry milk. Immunoblotting was
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performed with the indicated antibodies and secondary
antibodies conjugated to horseradish peroxidase (Amersham
Biosciences, Arlington Heights, IL). The reactive bands were
visualized with ECL Western blot detection reagents (Amer-
sham Biosciences, Arlington Heights, IL).

2.5.  Immunoprecipitation

Immunoprecipitation was performed the same as previously
described [5,23]. Protein extracts from Ba/F3 cells expressing
TLR4 (Flag or GFP-tagged), CD14, MD2 (Flag-tagged), and NF-«B
luciferase reporter gene for immunoprecipitation were pre-
pared as described [5]. The samples were immunoprecipitated
with mouse-GFP antibody (Molecular Probes Inc., Eugene, OR)
for overnight. The solubilized immune complex was resolved
on SDS-PAGE and electrotransferred to polyvinylidene difluor-
ide membrane. The membrane was blocked with phosphate-
buffered saline containing 0.1% Tween 20 and 5% nonfat dry
milk and was blotted with the Flag antibodies (Sigma-Aldrich,
St. Louis, MO) for overnight. Thereafter, the blot was exposed
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Fig. 1 - Curcumin inhibits the activation of NF-«xB and the expression of COX-2 induced by LPS or the transfection of MyD88
or IKKB expression plasmid. (A, B) RAW264.7 cells were transfected with (A) NF-«B or (B) COX-2 luciferase reporter
plasmid and pre-treated with curcumin (10, 20 pM) for 1 h, and then treated with LPS (5 ng/ml) for an additional 6 h.
Cell lysates were prepared and luciferase and B-galactosidase enzyme activities were measured as described in
Section 2. Relative luciferase activity (RLA) was normalized with B-galactosidase activity. Values are mean + S.E.M.

(n = 3). ‘Significantly different from LPS alone (A), p < 0.05. “Significantly different from LPS alone (B), p < 0.01. (C)
RAW264.7 cells were pretreated with curcumin (10, 20 pM) for 1 h and then further stimulated with LPS (5 ng/ml)

for 6 h. Cell lysates were analyzed for COX-2 and GAPDH protein by immunoblots. (D) RAW264.7 cells were pretreated
with curcumin (10, 20, 50 pM) for 1 h and then further stimulated with LPS (50 ng/ml) for 30 min. Cell lysates were
analyzed for phospho-JNK1 and JNK protein by immunoblots. (E) 293T cells were co-transfected with NF-«kB-luciferase
reporter plasmid and an expression plasmid for MyD88 or IKKB. pcDNA was used as a vector control for MyD88 and
IKKpB. After 24 h, cells were treated with curcumin (10, 20 pM) for 6 h. Relative luciferase activity (RLA) was determined
by normalization with B-galactosidase activity. Values are mean + S.E.M. (n = 3). Significantly different from MyD88
plus vehicle, p < 0.01. ‘Significantly different from IKKp plus vehicle, p < 0.05. The panels are representative data from
more than three independent experiments. Veh, vehicle; Cur, curcumin.
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to horseradish peroxidase-conjugated secondary antibodies
for 1 h, and detected with ECL Western blot detection reagents.
The blot was reprobed with rabbit GFP antibodies (Molecular
Probes Inc., Eugene, OR).

3. Results

3.1. TLR4 ligand-induced activations of NF-«B, IRF3, and
target gene (COX-2) expression were inhibited by curcumin.
However, curcumin did not inhibit TRIF-induced IRF3
activation suggesting that the target of inhibition is the TLR4
receptor complex

IKKB is the key kinase in the canonical pathway for NF-kB
activation induced by various agonists including ligands for
TLRs. The activation of IKK@ by LPS (TLR4 ligand) is mediated
through MyD88-dependent pathway. Curcumin is known to
inhibit NF-kB activation induced by various agonists (LPS,
PMA, TNFa, and H,0,) mediated through the inhibition of
IKKB [17,19]. However, it is not known whether curcumin

inhibits TRIF-dependent LPS signaling pathways as well. The
results showed that curcumin inhibited LPS-induced NF-«B
activation and COX-2 expression in RAW264.7 cells (Fig. 1A-
C). Curcumin also inhibited LPS-induced JNK posphorylation
(Fig. 1D). NF-«B activation induced by the overexpression of
MyD88 or IKKB in 293T cells was inhibited by curcumin
(Fig. 1E). The results suggest that curcumin inhibits NF-«B
activation induced through MyD88-dependent pathway of
TLR4. The TRIF-dependent pathway of TLR4 leads to the
activation of IRF3 transcription factor mediated through
TBK1 [14]. Curcumin also inhibited the LPS-induced activa-
tion of IRF3 (the readout for TRIF-dependent pathway) as
determined by IRF3 specific IFNB promoter reporter gene
assay (Fig. 2A) [14]. However, curcumin did not inhibit TRIF or
TBK1 (downstream components of MyD88-independent
pathway)-induced IRF3 activation (Fig. 2B-D), but resvera-
trol, which was shown to inhibit TRIF-dependent pathway,
inhibited TRIF or TBK1-induced IRF3 activation (Fig. 2B and
D) [25]. Together, these results suggest that the target of
inhibition by curcumin is TLR4 receptor complex in addition
to IKKB.
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Fig. 2 - Curcumin inhibits TLR4 ligand (LPS)-induced activation of IRF3, but it does not inhibit the activation of IRF3 induced
by the downstream components (TRIF or TBK1) of TLR4. (A) RAW264.7 cells were transfected with IFN$ promoter with
specific IRF3 binding site (IFNB PRDIII-I) luciferase reporter plasmid [14] and pre-treated with curcumin (10, 20 pM) for 1 h
and then treated with LPS (5 ng/ml) for an additional 6 h. Cell lysates were prepared and luciferase and pB-galactosidase
enzyme activities were measured as described in the legend of Fig. 1. Relative luciferase activity (RLA) was determined by
normalization with B-galactosidase activity. Values are mean + S.E.M. (n = 3). Significantly different from LPS alone,

p < 0.01. (B) 293T cells were co-transfected with IFNB promoter (IFNB PRDIII-I)-luciferase reporter plasmid and an expression
plasmid for TRIF. pCMV for TRIF was used as a vector control. After 24 h, cells were treated with curcumin (10, 20 xM) or
resveratrol (10, 20 pM) for 6 h. Relative luciferase activity (RLA) was determined by normalization with B-galactosidase
activity. Values are mean * S.E.M. (n = 3). "Significantly different from TRIF plus vehicle, p < 0.01. (C) 293T cells were co-
transfected with IFNB promoter (IFNf PRDIII-I)-luciferase reporter plasmid and an indicated concentration of expression
plasmid for TRIF. After 24 h, cells were treated with curcumin (20 pM) for 6 h. Relative luciferase activity (RLA) was
determined by normalization with B-galactosidase activity. Values are mean =+ S.E.M. (n = 3). (D) 293T cells were
co-transfected with IFN promoter (IFN PRDIII-I)-luciferase reporter plasmid and an expression plasmid for TBK1.
pcDNA for TBK1 was used as a vector control. After 24 h, cells were treated with curcumin (10, 20 nM) or resveratrol

(10, 20 M) for 6 h. Relative luciferase activity (RLA) was determined by normalization with p-galactosidase activity. Values
are mean * S.E.M. (n = 3). " Significantly different from TBK1 plus vehicle, p < 0.01. The panels are representative data from
more than three independent experiments. Veh, vehicle; Cur, curcumin; Res, resveratrol.
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(B) Dimerization of TLR4
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Fig. 3 - Curcumin and helenalin inhibit LPS-induced TLR4 dimerization, but resveratrol does not inhibit the dimerization.
(A) The chemical structures of curcumin, helenalin, and resveratrol. (B) Ba/F3 cells expressing TLR4-Flag (TLR4F), TLR4-GFP
(TLR4G), MD2-Flag (MD2F), CD14, and NF-kB luciferase were pre-treated with curcumin (10, 20, 50 uM), helenalin (5 uM), or
resveratrol (50 pM) for 1 h and then treated with LPS (50 ng/ml) for 20 min. Cells were then subjected to
immunoprecipitation with anti-mouse GFP antibody and immunoblotted with anti-Flag (upper) or anti-rabbit GFP (lower)
antibody. (C) The same Ba/F3 cells in (B) were pre-treated with curcumin (10, 20, 50 pM), helenalin (5 nM), or resveratrol
(50 pM) for 1 h and then treated with LPS (50 ng/ml) for 30 min. Cell lysate was subjected to SDS-PAGE and probed with
anti-IRAK-1 (upper) or B-actin (lower) antibody. (D) The same Ba/F3 cells in (B) were pre-treated with curcumin (10, 20 pM),
helenalin (1, 2 M) or resveratrol (30, 50 pM) for 1 h and then treated with LPS (5 ng/ml) for an additional 6 h. Cell lysates
were prepared and luciferase enzyme activities were measured as described in the legend of Fig. 1. Values are

mean =+ S.E.M. (n = 3). Significantly different from LPS alone, p < 0.01. *Significantly different from LPS alone, p < 0.01.
The panels are representative data from more than three independent experiments. Veh, vehicle; Cur,

curcumin; Hel, helenalin; Res, resveratrol.

3.2.  The dimerization of TLR4 and the degradation of
IRAK-1 were inhibited by curcumin in Ba/F3 cells stably
transfected with TLR4 (Flag or GFP-tagged), CD14, MD2, and
NF-«B-luciferase reporter gene

Therefore, we next determined whether curcumin inhibits
ligand-induced dimerization of TLR4. For these studies, we
used IL-3-dependent Ba/F3 cells stably transfected with
murine TLR4-Flag and TLR4-GFP, MD2, CD14, and NF-«B-
luciferase reporter gene as described previously [5]. The
induction of the dimerization of TLR4 by LPS was demon-
strated in this cell line [5]. We evaluated the dimerization of
TLR4 by three criteria: co-immunoprecipitation of TLR4-Flag
and TLR4-GFP (Fig. 3B), the degradation of IRAK-1 (Fig. 3C), and
the activation of NF-kB (Fig. 3D). The receptor dimerization of
TLRs leads to the recruitment of MyD88, and MyD88 in turn
recruits IRAK-4. IRAK-4 phosphorylates IRAK-1 leading to its
degradation. Thus, the degradation of IRAK-1 and NF-kB
activation were used as additional readouts for the dimeriza-
tion of TLR4. Curcumin inhibited the dimerization of TLR4
(Fig. 3B), the degradation of IRAK-1 (Fig. 3C), and NF-kB

activation (Fig. 3D) induced by LPS in a dose-dependent
manner. For most of our luciferase reporter assays, a curcumin
concentration of up to 20 pM was used since the higher
concentrations, like 50 pM, would exert cytotoxicity over 7 h
time course. However, for the western blottings of TLR4
dimerization and IRAK-1 degradation (Fig. 3B and C), we could
increase curcumin concentration up to 50 uM because the
treatment time was only 90 min. Interestingly, another
phytochemical sesquiterpene lactone, helenalin (Fig. 3A) also
inhibited the dimerization of TLR4, IRAK-1 degradation and
NF-«kB activation induced by LPS (Fig. 3B-D). However,
resveratrol (Fig. 3A) did not inhibit LPS-induced dimerization
of TLR4, IRAK-1 degradation, and NF-«B activation in Ba/F3
cells (Fig. 3B-D). Resveratrol can inhibit LPS-induced NF-«B
activation by inhibiting TRIF complex in macrophages [25].

3.3.  Ligand-independent dimerization of TLR4 was also
inhibited by curcumin

It is possible that curcumin may interfere with the binding of
LPS to TLR4-MD2 complex, and thereby leads to the inhibition
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Fig. 4 - Gurcumin inhibits ligand-independent TLR4 dimerization. (A) 293T cells were transfected with HA- and
Flag-ATLR4. After 24 h, cells were treated with curcumin (50 M) or helenalin (5 pM) for 3 h. Cells were then subjected to
immunoprecipitation with anti-HA antibody and immunoblotted with anti-Flag (upper) or anti-HA (lower) antibody.

(B, C) RAW264.7 cells were co-transfected with (B) NF-kB- or (C) IFNB promoter with specific IRF3 binding site

(IFNB PRDIII-I)-luciferase reporter plasmid and an expression plasmid for constitutively active TLR4 (ATLR4). pcDNA was
used as a vector control for ATLR4. After 24 h, cells were treated with curcumin (10, 20 pM) for 6 h. Relative luciferase
activity (RLA) was determined by normalization with pB-galactosidase activity. Values are mean + S.E.M. (n = 3).
“significantly different from vehicle control, p < 0.01. The panels are representative data from more than three independent
experiments. Veh, vehicle; ATLR4, constitutively active TLR4; Cur, curcumin; Hel, helenalin.

of dimerization instead of directly inhibiting the receptor
dimerization. Thus, we determined whether curcumin
inhibits ligand-independent dimerization of TLR4. We pre-
viously prepared truncated murine TLR4 (ATLR4) lacking the
leucine-rich region (LRR) of extracellular domain but with N-
terminal 53 amino acids (aa 21-73) that contain two cysteine
residues [10]. The gain of function by the truncated TOLL
protein lacking LRR domain was also demonstrated in
Drosophila [26]. This truncated murine ATLR4 is constitutively
active [10] and can be dimerized without ligand similar to the
chimeric constructs in which entire extracellular domain of
TLR4 was replaced with either CD4 or integrin subunit [9,11].
Therefore, we determined whether curcumin inhibits the
ligand-independent dimerization of TLR4 using this ATLR4
construct.

The dimerization of ATLR4-Flagand ATLR4-HA transfected
into 293T cells was inhibited by curcumin and helenalin
(Fig. 4A). Curcumin inhibited ATLR4-induced NF-«B and IRF3
activation (Fig. 4B and C). The inhibition of ATLR4-induced
NF-«B activation by curcumin (Fig. 4B) may be due to the
inhibition of IKKB by curcumin; thus, this inhibition may not
be a specific readout for the inhibition of ligand-independent
dimerization of ATLR4. However, since curcumin does not
inhibit TRIF or TBK1-induced IRF3 activation (Fig. 2B-D), the
inhibition of ATLR4-induced IRF3 activation by curcumin
(Fig. 4C) suggests that the target of curcumin is located above
TRIF: that is ATLR4. Together, these results also demonstrate

that curcumin inhibits ligand-independent dimerization of
ATLR4.

4, Discussion

Curcumin has been shown to suppress the activation of NF-«B
induced by various pro-inflammatory stimuli by inhibiting
IKKp kinase activity [18]. If IKK is the only target of curcumin,
curcumin should not inhibit LPS (TLR4 agonist)-induced
activation of TRIF pathway of TLR4. LPS induces the activation
of NF-«B through both MyD88- and TRIF-dependent pathways,
and the activation of IRF3 through TRIF-dependent pathway.
Curcumin inhibited LPS-induced NF-«B (Fig. 1A) and IRF3
(Fig. 2A) activation in RAW?264.7 cells. This result suggests that
curcumin inhibits both MyD88- and TRIF-dependent path-
ways in LPS-induced TLR4 signaling. In MyD88-dependent
pathway, the activation of NF-kB induced by the overexpres-
sion of MyD88 or IKKB in 293T cells was inhibited by curcumin
(Fig. 1D). However, in TRIF-dependent pathway, curcumin did
not inhibit IRF3 activation induced by overexpression of TRIF
or TBK1 in 293T cells (Fig. 2B-D) although curcumin inhibits
LPS-induced IRF3 activation (Fig. 2A). Chen et al. also reported
that small doses of curcumin inhibited JNK signaling pathway
but it did not directly inhibit JNK activity [27]. They suggest
that curcumin may inhibit the JNK pathway by affecting the
upstream of the MAPKKK level. Together, these results suggest
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that the molecular targets of curcumin include TLR4 receptor
complex in addition to IKKR.

LPS induces the dimerization of TLR4, and forced dimer-
ization of TLR4 confers ligand-independent activation of the
receptor. These results suggest that the receptor dimerization
is required to activate downstream signaling pathways.
Therefore, we determined whether curcumin inhibits LPS-
induced and ligand-independent dimerization of TLR4. Cur-
cumin inhibited the dimerization of TLR4 induced by LPS
(Fig. 3B). Curcumin also inhibited the dimerization of
truncated ATLR4 that can be dimerized without the presence
of the ligand (Fig. 4A). Interestingly, another phytochemical,
helenalin also inhibited LPS-induced and ligand-independent
dimerization of TLR4 (Figs. 3B and 4A). However, resveratrol
did not inhibit LPS-induced dimerization of TLR4 (Fig. 3B). The
results showing that curcumin and helenalin inhibit LPS-
induced dimerization of full length TLR4 in Ba/F3 cells (Fig. 3B)
and the dimerization of truncated ATLR4 (Fig. 4A) suggest that
these compounds inhibit both ligand-induced and ligand-
independent dimerization of TLR4.

Curcumin, helenalin, and resveratrol have been shown to
suppress the activation of NF-«kB induced by LPS [28-30].
However, resveratrol did not suppress the activation of NF-«B
induced by LPS in Ba/F3 cells (Fig. 3C). Previously, we reported
thatresveratrol inhibited NF-«B activation mediated through
only TRIF-dependent pathway of TLR3 or TLR4 [25]. Therefore,
this result suggests that Ba/F3 cells may not have the
component of the TRIF pathway. Curcumin and helenalin
inhibit the dimerization of TLR4 but resveratrol does not.
Therefore, the next question is how curcumin and helenalin
inhibit the dimerization of TLR4. Fang et al. [31] showed that
curcumin binds to catalytically active cysteine residue of
thioredoxin reductase by a Michael addition to inhibit
enzyme activity. It has been well documented that molecules
with the structural motif of «,8-unsaturated carbonyl group
can react with biological nucleophiles such as sulfhydryl
group by a Michael addition. Both curcumin and helenalin
have the structural motif («,-unsaturated carbonyl group)
conferring the Michael addition. However, resveratrol does
not have this structural motif. Helenalin possess two a,B-
unsaturated carbonyl structures such as a-methylene—y-
lactone and «,B-unsubstituted cyclopentenones. Thus,
bifunctional sesquiterpene lactones (with two «,B-unsatu-
rated carbonyl group) inhibit NF-«kB activation 10 times more
than monofunctional sesquiterpene lactones (with one «,B-
unsaturated carbonyl group) [32]. This may be the reason why
helenalin is more potent than curcumin in inhibiting the
dimerization, the degradation of IRAK-1, and the activation of
NF-«B (Fig. 3B-D).

Many plant polyphenols with inhibitory effects on NF-«B
activation contain the structural motif that can react with
biological nucleophiles such as sulfhydryl group by a Michael
addition [33,34]. The activation loop of IKKB also contains
cysteine residue that is known to be modified by the Michael
addition [35]. Curcumin with «,B-unsaturated carbonyl group
can react with —SH group in cysteine in the activation loop of
IKKB, and thereby can inhibit the kinase activity of IKKR.
Sesquiterpene lactones also react with two cysteine residues
(Cys®® and Cys'®) in the p65/NF-«B, thereby preventing DNA
binding of the transcription factor NF-«B [32,36]. Also,

numerous studies demonstrated that certain phytochemicals
with «,B-unsaturated carbonyl group interact with sulfhydryl
group of cysteine by Michael addition [32-34].

The dimerization of TLR4 was shown to be a prerequisite
for the ligand-induced receptor activation [22]. TLRs are Type I
transmembrane receptors, consisting of leucine-rich repeats
(LRRs) and cysteine-rich region in the extracellular domain
and TIR region (Toll/IL-1R homologous region) in the cyto-
plasmic domain. TLRs have several cysteine residues in both
cytoplasmic and extracellular domains, which may form
disulfide bonds for the dimerization of the receptors [37].
These results further suggest conceptual possibility that
phytochemicals with the structural motif conferring Michael
addition may interact with cysteine residue in TLR4, leading to
inhibition of TLR4 dimerization.

It is now recognized that enhanced inflammation is one of
key etiological conditions in the development of many chronic
diseases including cancer, atherosclerosis and insulin resis-
tance. Our results suggest that anti-inflammatory, chemo-
preventive and other beneficial effects of certain dietary
phytochemicals may be at least in part mediated through the
modulation of inflammatory responses resulting from TLR
activation induced by endogenous molecules or chronic
infection.
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